Angle-dependent spectral distortion (ASD) refers to the change in complex spectrum of the signal from the receiving transducer due to change in angular orientation of the reflecting target, i.e., from normal incidence to some non-normal incidence. The ASD for a fluid-fluid infinite planar interface (IP-ASD) is numerically determined for the cases of a planar piston, spherically focused piston, and nondiffracting (Jo-Bessel) transducer geometries. The numerical algorithm employed is based on an equivalent image transducer. Reception of the acoustic pulse is performed using discrete surface integration, based on 3-D surface mesh generation strategies. Numerical simulations, together with experimental results, are presented for the above transducers for various geometries, reflector distances, and misalignment angles. The results indicate that the IP-ASD significantly alters the spectrum of the received acoustic pulse, and thus must be taken into consideration for quantitative ultrasonic measurements. Finally, the numerical simulations have revealed that the nondiffracting transducer produces distinct peaks in the magnitude IP-ASD that enable precise estimates of misalignment angle to be obtained.
In recent years, ultrasound research has been carried out for the purpose of obtaining quantitative data concerning the structures being insonified. Numerical descriptions of biological parameters (such as the acoustic impedance of tissues) or material parameters (such as the strength of bonds) are desirable goals of future generations of ultrasonic equipment. 1-6 However, the progress towards producing accurate quantitative results has been in general disappointingly slow.
In pulse-echo ultrasound, it is known that the energy and spectral composition of the received signal is very sensitive to the angular alignment between transducer and reflecting surface, especially when the reflections are specular in nature. 6-1ø A similar level of sensitivity is observed in the analysis of test samples with irregular boundary and surface geometries. Quantitative results derived from ultrasonic tests are thus highly susceptible to measurement error due to sample geometry, orientation, and the manner in which the measurements themselves are made.
Determination of the effect of orientation of a reflecting target on the received electrical signal is the central subject matter of this paper. In particular, the effect of angular misalignment, relative to normal incidence, of a planar reflector of infinite extent is considered. To achieve accurate results for a wide variety of situations of practical interest, the exact results for the pressure field radiated by the source transducer must therefore be used. TM Likewise, the output signal generated by the receiver must be calculated exactly. Currently, most distortions of the received acoustic signal due to target orientation go uncorrected, degrading any quantitative analyses. The degree of distortions typically incurred in an uncorrected ultrasound system are of course both transducer-and application-specific. 12.13
In this paper, a computationally efficient approach to the determination of target-orientation induced spectral distortion is examined for phase-sensitive transducers. The simple planar target discussed here is the interface between two adjoining semi-infinite fluid half-spaces, and thus only longitudinal wave interactions are considered. We are interested in examining the electrical voltage signal generated by the receiving transducer, in response to the reflected acoustic field. This signal is used to determine the angle-dependent spectral distortion (ASD) of the received electrical signal. With appropriate corrections, the ASD of the received signal for a given finite bandwidth spectral response of the acoustic equipment (transducers, pulse shapers, receivers, etc. ) may be obtained as well.
Naturally, a layered medium consisting of multiple such planar fluid-fluid interfaces (which in the general case are not parallel) may be analyzed in the same fashion, provided that the multiple reflections are negligible. The ASD is an appropriate model for describing the change in the reflected pulse due to deviation from normal incidence, for a variety of layered soft tissue structures. The only requirement is that the reflecting surface is nearly planar over the beamwidth of the acoustic field. Incorporation of elastic wave interactions in solids will be considered in a forthcoming paper.
The transducer geometries to be examined here are all axisymmetric circular piston types, specifically planar pistons, spherically focused pistons, and nondiffracting (Jo-Bessel) transducers. Each type of transducer geometry produces a distinctive spectral distortion function, due to the differences in the generated pressure field diffraction patterns and their receiver surface geometries; thus, each transducer type must be investigated separately. All computations of the ASD are performed over a range of frequencies suitable for use in medical ultrasound and nondestructive testing, i.e., from dc to roughly 15 MHz.
In order to determine the ASD function for a particular experimental situation, the distance and geometric alignment parameters of the sample interface must be obtained. When dealing with an unknown layered medium, parameter extraction therefore becomes an important issue, and is briefly reviewed in Sec. IV. It is a subsequent goal of this research to find a practical method of characterizing and removing the ASD that is induced in the received acoustic signal.
Finally, the ASD function for the Jo-Bessel transducer will be evaluated numerically, and it will be shown that this transducer is potentially useful for determining the angular misalignment of a planar interface with respect to the transducer axis to a high precision. This appears to be one of the more interesting results of this paper; unfortunately, experimental confirmation could not be made, due to the unavailability of such a transducer type.
A. Definition of ASD
The angle-dependent spectral distortion ( ASD ) can be observed in pulse-echo ultrasound measurements on layered media containing planar reflecting surfaces. ASD refers to the change in complex spectrum of the transducer output electrical signal due to change in angular orientation of the acoustic reflecting target. The angular orientation of the target affects the pressure field reflected or scattered by the target, and is therefore manifest in the transducer output signal. The ASD is dependent on the transducer type (planar piston, focused spherical piston, etc. ), dimensions of the transducer, and location and geometry of the acoustic target. The ASD is calculated throughout this paper under the assumption of a transducer with perfectly flat frequency response over an infinite bandwidth (i.e., an ideal transducer). Since an actual transducer will have an arbitrary bandlimited response, the ASD spectra corresponding to this transducer may be obtained from the calculated ASD spectra by multiplication with the actual transducer frequency response.
More specifically, the ASD for a given transducer is defined as the complex spectrum of the output electrical signal from the given transducer that in pulse-echo mode transmits a velocity-impulse driven pressure field (i.e., of infinite bandwidth), and is subsequently reflected from an infinite planar surface at a specified distance and rotated a given angle relative to normal incidence. The normalized ASD is the ratio of the received complex spectrum for non-normal incidence to the complex spectrum of the received electrical signal due to the same reflecting surface at normal incidence.
An illustration of the transducer and reflector orientations
for these situations is given in Fig. 1 . Rotation of' the reflecting surface typically refers to rotation about the point on the surface where the acoustic axis of the ultrasound beam intercepts the surface, but it can also be defined for rotation around other points that will then introduce both a rotation and a translation.
No limitations on the given transducer geometry are imposed in the ASD concept, provided that the acoustic pressure field due to the source in question may be precisely calculated in both magnitude and phase at all field points in a homogeneous medium. In order to provide accurate spectral characterization of the distortion process, a sufficiently wide frequency range must be evaluated. Exact knowledge of' the pressure field received by the ultrasonic transducer is essential for a quantitative description of' pulse-echo ultrasound; therefore, a method of propagating the pressure fields from source to receiver is required as well, either by directly evaluating the acoustic field at the required spatial positions, or by propagating a field known over one plane to a different plane. Finally, the ability to integrate the complex pressure field over the surface of' the phase-sensitive receiver must exist, in order to determine the transducer output signal. A velocity potential method is employed for the calculation of the complex (magnitude and phase) broadband acoustic pressure field at field points located on the receiving (actual) transducer. This is necessary in order to estimate the output electrical signal. The received signal amplitude is evaluated over a spectrum of frequencies of interest, and for a number of misalignment angles a of the reflecting interface. The resulting spectrum for a given a represents the desired ASD result.
Input Puls•
Other methods of calculating the acoustic field may also be used. One such alternative method is the angular spectrum (plane wave decompostion) technique, which can be used to particular advantage when elastic wave propagation effects are to be considered. Also, such a decomposition of the pressure field would allow the ASD calculations to be made exactly, whereas they now must be approximated to some small degree when the individual plane wave components of the field are unknown. Computationally, the angular spectrum decomposition can be very demanding as compared to the velocity potential method, and requires spatial discretization of the pressure field. However, it should be mentioned that closed-form solutions to the surface integration exist for the plane wave insonification of a planar circular piston receiver.
I. CALCULATION OF THE ASD FUNCTION
The calculation strategy developed here emphasizes the efficient computation of the ASD for axisymmetric transducers. The determination of the reflected acoustic signal is
A. Image transducer placement
The formulation of the image source corresponding to a point source radiating spherical waves is well known, TM and covered in detail elsewhere. Note that the transducers considered in this paper are not simple monochromatic point sources, but rather extended finite sources. The proof of the equivalent image source in this situation is a conceptually simple extension of the point source method. A summary of the placement of the image transducer and its orientation is given below. Note that each of several reflecting interfaces (or layers) can be represented by a separate image transducer with a given amplitude, and at a given location and orientation, as long as the acoustic echoes arising from each interface are temporally separable, and multiple reflections are ignored.
An axisymmetric transducer (the actual pulse-echo transducer) is aligned such that the normal to its radiating surface points in the + z direction. Let the infinite planar reflecting interface be positioned a distance Zo axially away from the actual transducer. The interface is tilted an angle a relative to the y axis; due to the cylindrical symmetry of the field produced by an axisymmetric transducer, the tilt angle can be assumed to be in they-z plane without loss of generality. The placement of the actual transducer and the reflector is shown in Fig. 2 (a) .
The pressure field radiated by the source transducer can be decomposed into plane wave components. Instead of analyzing the entire diffracted field (which consists of infinitely many plane waves of varying propagation directions and amplitudes), only a single plane wave in the decomposition will be considered. By assumption of linear acoustics, the approach used for calculating the response for one plane wave can be used directly in calculating the response for the sum of all plane waves in the decomposition. Let the qth actual diffracted field, one may equivalently examine the set of propagation directions of all plane wave components comprising the diffracted field (as found from a plane wave or angular spectrum decomposition), and from this set estimate the surface density based on the plane wave that strikes the receiver with the largest angular deviation from the receiver surface normal vector. This estimate must take into account the relative power distribution of the plane waves in order to establish an angular range of propagation directions which comprises a significant fraction of the total radiated power. Otherwise, an element density which is computationally impractical will result, without corresponding improvement in the accuracy of the integrated pressure field. 
The geometry of actual and image transducers from

2(b). Note that (X•o,Y•o,Z•o) in (3) now serves to represent
the origin of the image coordinate system.
It is true of course that when the currently proposed
method is applied to a multi-layered medium, negligible multiple reflections in the received signal are assumed, implying minimal wave refraction through additional layers of the medium. If a particular situation does not admit this simplification, then it is required that the individual layer reflections are separable and may be time-gated out of the received signal; in this case, a recursive layer-stripping approach may be adopted. The results thus obtained are entirely adequate in several situations of practical importance. One such example medium, significant in medical ultrasound tissue characterization, is soft tissue layers.
B. Acoustic pulse reception
In order to determine the electrical signal generated by the receiver (actual transducer) in response to the reflected acoustic field, the field must be integrated over the phasesensitive surface of the actual transducer using the complex (magnitude and phase) values of the pressure field. The integral is assumed to be proportional to the electrical signal produced by the receiver in response to the given reflected field in an actual experiment. The surface integral is approximated here by a discrete sum of the contributions from a large number of surface elements, with the assumption that the pressure field is constant over the surface of any given area element. In order to perform this discrete approximation, the transducer surface is first "tessellated", i.e., divided into a mosaic consisting of a finite number of planar elements.
It is ditficult to estimate directly the surface element density necessary to accurately integrate the acoustic pressure field incident on the receiver surface for a complex diffracted field. However, it will be shown in Sec. I B 2 that the necessary number of surface elements required to integrate the field due to a single incident plane wave is relatively straightforward to determine; this density is later shown to be a function of the plane wave propagation direction, relative to the normal vector of the receiver surface. The plane wave with the largest propagation angle demands the highest density of receiver surface elements.
In order to find the required element density for the
Cone of plane wave propagation directions based on a given fraction of radiated acoustic power
This section discusses an analytic formulation of the angular distribution of plane wave propagation directions, for all plane waves in the decomposition of the acoustic field radiated by a planar circular piston transducer, on the basis of the combined power they carry. Based on this angular distribution, a cone of propagation directions centered
around the acoustic axis of the transducer is defined, whose subtended solid angle is a function of the percentage of total acoustic power radiated; the smaller the fraction of the total radiated power chosen to be included in the analysis, the smaller the resulting angular distribution of plane wave propagation directions that need be considered, and therefore the smaller is the cone's subtended solid angle. From the chosen cone of plane wave propagation directions, the plane wave having the largest angle with respect to the receiver surface is chosen as the one which imposes the most stringent requirement on surface element density.
Note that the field due to a single plane wave insonifies the entirety of the half-space in front of the source. Thus, one cannot make any statements regarding the angle beyond which the field due to a given plane wave "misses" the receiver, since under no circumstances presented here can a forward propagating plane wave ever "miss" the receiver. Of course, as the solid angle of the specified cone is increased, more phase cancellation in the field can occur, and the more finely structured the pressure field can become. As one observes the field due to a particular source at field points located at increasing lateral distances from the acoustic axis, it is expected that the pressure eventually decreases to the point where a given measurement indicates a negligible pressure amplitude. Thus, one can entertain questions regarding the point beyond which the pressure on the receiver surface drops below significant levels, and is a fairly simple estimate to make. In this paper, we will consider placements of the receiver only in regions where the pressure is non-negligible, i.e., close to the acoustic axis and not too deep into the far field. Therefore, situations in which the radiated field might be considered to "miss" the receiver will not be considered further in this paper.
The angular spectrumS6 of the pressure field radiated by a planar circular piston contains a continuous distribution of plane waves that propagate in directions that completely subtend the hemisphere in front of the transducer surface. In many situations, the angular spectrum decomposition produces spatial frequencies whose direction cosines exceed unity, e.g., the plane waves propagate with complex angles and exhibit inhomogeneous propagation characteristics; such plane waves are known as evanescent waves. These waves quickly attenuate as they propagate away from the transducer, and do not significantly contribute to the received acoustic field. More important, however, is the fact that the amplitudes of the homogeneous plane wave components rapidly become small as their propagation angles deviate farther from the transducer surface normal. Thus, only a small portion of the entire angular spectrum of plane waves that comprise the total radiated field contribute significantly to the pressure field incident on the receiver surface.
In order to establish a "significant" angular range of plane waves in the decomposition of the pressure field, the power distribution of the plane waves must be calculated versus propagation angle, which is done here relative to the transducer surface normal. From this, the half-angle of a cone that contains a specified percentage of the total power radiated by the circular planar piston can be determined. The geometry of the cone is described in Fig. 3 . It is assumed that 0 may be used in place of Oq throughout the remaining discussion wherever confusion will not arise.
In the Appendix, a method is presented for analytically determining the angular distribution of propagation vectors for the plane waves, contained in the pressure field from a planar piston radiator, along with the amplitude associated with each plane wave in the decomposition. From this angular distribution is found a solid angle, centered around the acoustic axis of the radiator, which contains 95 % of the total radiated power. The half-angle of this cone in radians is found to be 0cone = sin -• (2.12052/a),
where a is the radius of the transducer and A is the wavelength. This percentage of total power is somewhat arbitrarily considered to be an adequate approximation to the total radiated power. Note that in deriving (5), the receiver is assumed to be a planar circular piston transducer, the estimate so derived will serve as a guide for the required surface element density for weakly focused spherical piston transducers as well.
Using (5), the angular deviation of plane waves from the transducer surface normal, bounding 95% of the total power in the radiated pressure field, may easily be found. The angular deviation 0co,e is inversely proportional to transducer radius; this indicates that a planar piston with small radius exhibits a more omnidirectional radiation pattern. The dependence of 0co,e on radiation wavelength can be seen directly from (5). Table I gives example calculations of 0•o•e for various combinations of frequency and transducer radius; the propagating medium is assumed to be water, with sound speed c --1500 m/s. Although the estimate of the required receiver surface density is based on consideration of only those plane waves whose propagation vectors lie interior to the cone of maximum half-angle 0cone , the plane waves propagating with angles greater than this cone (here representing the last 5 % of the radiated acoustic power) are still accounted for in the ensuing discrete surface integration. These plane waves are just represented with fewer than the desired number of samples per wavelength, and are therefore included in the surface integral with less accuracy than those plane waves with propagation directions less than 0•o•e-
Element density versus plane wave orientation
The element density required on the receiver surface may be found for a given incident plane wave. Consider an arbitrary plane wave • ß in the decomposition of the acoustic field radiated by the image transducer, which is incident at an oblique angle 0z, measured relative to the normal vector of the receiving transducer, as shown in Fig. 4(a) . The direction cosines, nx, ny, and nz, describing the propagation direction of the plane wave are also shown in Fig. 4(a of nx and ny. Thus, without loss of generality it is assumed that nx = 0and 0<ny < 1, e.g., thex component of the propagation vector is zero. For this choice of direction cosines, the propagation of the plane wave may be unambiguously described as a vector in the y-z (or y/-z/) plane, as illustrated in Fig. 4(b) .
To find the number of samples on the receiver surface necessary to integrate the field due to this plane wave, let the propagation vector of the plane wave strike the receiver at some nonnormal incidence. The difference in path lengths of the given plane wave arriving at y = + a and y = -a is Ady, as illustrated in Fig. 4(b) , and the number of wavelengths difference between the two paths is Ady/A. Figure 7 (a) illustrates the band tessellation performed on a planar circular piston receiver, and Fig. 7 (b) on a spherical focused receiver, both with a relatively small number of surface elements shown (M--1000) for clarity. Since spherically focused circular piston geometries are included in this paper, elements vertices must be generated in three dimensions. In general, with 3 vertices per element, 3 coordinates per vertex, and on the order of 7500 elements per surface, considerable memory storage would be required to tessellate the entire receiver surface at once; this is the principal motivation for implementing the band-tessellation method. 15) and (16) , is a broadband, computationally efficient procedure that yields accurate, complex pressure values valid throughout the observation space (including the extreme near field). In essence, the MR-DSP technique operates much like a "zoom-FFT" applied to the discretized velocity potential function of (18), with an optimized decimationfiltering procedure. Briefly, the velocity potential in (17) is determined in closed-form, and sampled at a very high frequency (on the order of 1-8 GHz) that varies based on the temporal length of the particular velocity potential function. This is done to minimize the effects of aliasing, which will unavoidably occur to some extent since the potential is a time-limited function. The aliasing present at high frequencies becomes even more accentuated when the sampled function is differentiated (due to the inherent high-frequency amplification effect of differentiation) and motivates the choice of very high sampling frequencies. Using these sampling frequencies, however, the Nyquist frequency falls well beyond the upper range of frequencies desired (which is 15 MHz), and creates widely spaced frequency samples in the ensuing FFT. To remedy this, the sampled sequence is decimated by large integer factors that depend upon the initial sampling rate used. To prevent any further aliasing, the sequence is first lowpass filtered with a linear-phase FIR filter. The linear phase is essential to maintain an accurate complex pressure field result. The decimation is applied in two stages for greater efficiency, yielding a frequency range ofdc to 15.625 MHz with a resolution of 30.5 kHz for each spatial location desired. Computational improvement of the multirate technique over standard Gaussian quadrature numerical integration is between 8 and 30 times, depending upon spatial location and transducer geometry. 17 ASD found for a = 0 is far from constant over frequency, and thus the normalization is essential to comparing numerical and experimental results. For the nondiffracting transducer simulations, no normalization is performed; this will be discussed further in Sec. II C. It will be clearly stated whenever normalized IP-ASD data are presented.
II. SIMULATION RESULTS
Results of IP-ASD
A. Planar piston
The circular planar piston requires only one parameter, radius a, to completely describe its geometry. In addition to radius, parameters describing distance Zo and misalignment angle a of the reflecting plane and sound speed c must also be specified, for a total of four variables per simulation.
The first set of simulation results, shown in Fig. 9 , illustrates the magnitude IP-ASD for a planar transducer of radius a = 1.27 cm, reflector distance Zo = 5 cm, sound speed c = 1500 m/s, and for various misalignment angles 0•a • 1 ø. Significant scalloping of the magnitude IP-ASD is clearly visible, with the local minima ("nulls") in the spectral magnitude function appearing lower in frequency as a increases. For the given frequency range, 0(•de• 15.625 MHz, the first null appears for a > 0.2 ø, given a and Zo as defined above. The extreme sensitivity of the planar transducer to IP-ASD is apparent in Fig. 9; for a = 1 ø, 8 the IP-ASD pattern should broaden over frequency, since the spherical wave field produces less phase cancellation over the small receiver surface. The IP-ASD becomes very significant for larger transducers. Since many medical ultrasound transducers have usable bandwidths centered from 2
MHz and upwards, spectral nulls entering this frequency range can seriously degrade any quantitative measurements attempted.
A plot of the frequency location of all IP-ASD magnitude nulls with a frequency less than 15.625 MHz is presented in Fig. 11, versus misalignment angle a. The transducer  radius is a = 1.27 cm. For example, at a •0.2 ø, a single null   located at 10 MHz is observed, while at a-•0.55 ø, four detectable nulls were found, at frequencies of roughly 4, 7,  10.5, and 13.5 MHz. This graph is useful for predicting null locations versus misalignment angle. Plotted in the figure are two sets of simulation data, for Zo = 4 cm and Zo = 8 cm. It is clear from the data that the reflector distance Zo has little effect on magnitude null location, and that only small compensations need to be made to accurately predict null location over a wide range of interface distance from this graph.
B. Spherical focused piston
The spherical focused piston requires a description of its radius a and focal length R to completely describe its geometry. Additionally, parameters describing distance Zo and misalignment angle a of the reflecting plane, and sound speed c must also be specified, for a total of five variables per simulation.
The first set of simulation results, presented in Fig. 12,  shows = 0.635 cm (0.25 in.) to a = 2.54 cm ( 1 in.) . The same simulation data presented in Fig. 12 was normalized to a = 0, and is presented in Fig. 13 . The normalized IP-ASD for a-0 is therefore a constant amplitude with respect to frequency, and not shown in the . figure. In contrast to the planar piston IP-ASD, the focused piston IP-ASD exhibits a strong dependence on reflector distance, Zo, as should be expected. At z/R --1.0 (the focal plane), the ASD magnitude response is relatively constant. Figure 14 The simulation results, presented here, are based on the nondiffracting transducer as an acoustic source and a planar piston as receiver. The first simulation is carded out for a nondiffracting source with a total array radius of 2.54 cm, and with 10 annular tings. The first 10 zeros and extrema of Jo are given in Table II the extrema of the Bessel function lobes bounded by the neighboring zero points. The planar piston receiver used also has a radius of a = 2.54 cm. For pulse-echo ultrasound, receiving with this planar piston is analogous to reception of the acoustic wave by the same annular array, but where all array elements are given equal weighting during pulse reception. Figure 15 shows the IP-ASD corresponding to the nondiffracting transmitting/planar piston receiving transducer situation described above, for misalignment angles between a--0 and a-10 ø, and a reflector distance of Zo --5 cm. The magnitude IP-ASD is plotted this time with a linear vertical scale, and a logarithmic horizontal frequency axis. Note that a single large-amplitude peak appears in the ASD, centered at a frequency that is inversely proportional to misalignment angle. As a approaches normal incidence (a-,0), the spectral peaks move out toward infinity. The peak location appears to vary with the log of the frequency for linear variation in a-•. Since spectral peak detection can be performed experimentally with good accuracy, precise estimates of angular misalignment should be obtainable with this technique.'
The nondiffracting transducer exhibits little sensitivity to change in reflector distance Zo. Figure 16 shows the IP-ASD for the 10-annuli transducer described above, with a = 1.25 ø, and c = 1500 m/s. The reflector distance Zo is varied between 5 and 20 cm. The insensitivity of the amplitude and spatial location of the magnitude peak in the IP-ASD spectrum to reflector distance Zo is clearly indicated. Figure 17 shows the IP-ASD for a simulation similar to that given in Fig. 15, except ............ !../--'-,. ......... i  ....... •: ...... i ................. The implication of the result in Fig. 17 is that the transmitted wave diverges toward a spherical wavefront as the effective radius of the nondiffracting transducer decreases, analogous to the discussions regarding variation in ASD versus transducer radius for the planar piston. Thus, less phase cancellation across the receiving transducer should occur. Note that the same size planar receiving transducer is used, so that the amount of phase cancellation is not reduced as ........................................................ much as when a smaller planar piston was considered in Sec. II A. Therefore, the peaks in the spectrum occur only slightly higher in frequency than they did for the 10-annuli nondiffracting transducer array. Additionally, higher secondary peaks are seen to occur in the IP-ASD here as well.
A different IP-ASD formulation was investigated involving a nondiffracting transducer used for both acoustic emissions and reception. The gains of the voltage output amplifiers, attached to the annuli of the receiving transducer, are proportional to the excitation potentials of the source transducer annuli, and thus produce the intended receiver apodization. Simulations were performed for a variety of reflector parameters; however, the magnitude spectrum contained no identifiable features that could be c•nsidered characteristic of the misalignment angle. Further attempts to characterize this formulation are currently under investigation.
III. EXPERIMENTAL RESULTS
The IP-ASD was experimentally verified for the planar and spherically focused piston transducers. All measurements were performed in a 1.0-X 0.5-X 0.5-m TesTech scanning tank, equipped with a servomechanical positioning system. A solid aluminum block was used to approximate the ideal infinite reflector; the block dimensions being approximately 10 X 10 X 5 cm thick. The block and transducer were each attached to the positioning system by independent optical rotation stages (Edmund Scientific # A33,465 ) . The rotation stages are vernier-calibrated with an azimuthal resolution of 0.2 ø . Additionally, the transducer mount has an uncalibrated elevation-stage adjustment that is manipulated until exact normal incidence between transducer and reflector is achieved. This is illustrated in Fig. 18 (a) .
The transducer was electrically connected to a JSR Synergetics PR002 Pulser/Receiver with a submersible pulseshaper. The minimum P RF of 500 Hz was used for all experiments, with the pulse-shaper set to maximum energy output. A LeCroy 9400 digital sampling oscilloscope (DSO) with a 125-MHz sampling rate was used to acquire and time-gate the pulse echoes. The DSO performed nearreal time fast Fourier transforms (FFTs) to the time-gated signal, and successively averaged the power spectra of the FFT magnitudes. Seperate power spectrum averages were made at normal incidence and at specified oblique incidences of transducer and reflector. All misalignment angles indicated below are those specifically describing the misalignment of the reflector normal vector to the transducer acoustic axis, e.g., a as defined in Figs. 1 and 2(a) . The two separately averaged IP-ASD magnitude spectra in dB are subtracted to yield the normalized IP-ASD; only normalized IP-ASD results are given in this section. Figure 18(b) illustrates the entire experimental setup.
A. Planar piston
The normalized IP-ASD for a planar transducer is shown in Fig. 19 . A Panametrics VideoScan model V3116 planar, broadband PZT transducer was used for the mea- 
IV. DISCUSSION AND CONCLUSIONS
The IP-ASD is a spectral distortion process that can significantly affect quantitative measurements in pulse-echo ultrasound. The distortion is transducer specific, and in many circumstances may be characterized by distinctive features in the magnitude ASD spectrum. The IP-ASD has been numerically calculated and experimentally verified for planar and focused transducer geometries. For a certain specification of nondiffracting transducer, the magnitude IP-ASD spectrum contains a single large amplitude peak, whose frequency varies inversely with the misalignment angle of the reflecting interface. Any experiment where quantitative results are dependent on the energy and spectral distribution of the received echo(es) must be compensated with a known inverse IP-ASD function, such as in impedance profiling of statified media, where the sample has planar layers which are each misaligned from one another. In order to effectively remove the IP-ASD, methods of parameter extraction must be employed to determine the angular misalignment between the reflector orientation and the acoustic axis, and possibly the distance to the reflector. Spectral identification techniques may be based on the spectral nulls that characterize the IP-ASD for the planar piston transducer or the spectral peaks that characterize the IP-ASD for the nondiffracting transducer. Given the geometrical parameters for the given transducer, such identification can yield the desired angular misalignment with very good accuracy. Based on knowledge of transducer type, reflector distance, and angular misalignment, an appropriate inverse function can be generated for removal of the IP-ASD. A Wiener filtering or adaptive deconvolution technique may be applied for this.
It can be inferred from the results given in this paper that if IP-ASD compensation is not to be employed, then a spherical focused transducer insonifying a target located around the focal point is a good choice for reasonable quantitative results. If the interfaces in the sample extend significantly far away from the focal region, however, then the IP-ASD quickly becomes an important factor. If IP-ASD compensation is to be employed, then either a planar piston, or better still, a nondiffracting transducer is the best choice, since parameter extraction is more accurately performed for these transducers.
An interesting possibility is the use of a general annular array which could be excited so as to produce a nondiffracting beam for initial sample interrogation, allowing precise angular alignment estimates to be made. Once the misalignment angle is extracted, the array could then be uniformly excited so that experiments more readily suited to planartransducer beam insonification can be performed. The quantitative results may then be accurately compensated by one of several prestored inverse IP-ASD curves chosen on the basis on misalignment angle.
There are potential applications of the IP-ASD that are not directly related to spectral distortion correction. The detection of surface orientation may be an important application of the IP-ASD, since accurate angular misalignment estimates can be determined from the IP-ASD as found with the nondiffracting transducer. The angular resolution of such experiments can be better than 0.1ø, based on consideration of simulations such as those presented in Fig. 15 .
Additionally, the estimation of the angular alignment of bond layers is also a potential application, but one which may require the ASD to be calculated for an elastic layer of finite thickness. Throughout this paper, it was assumed that the reflecting interface supported longitudinal wave reflections only, and that the reflection coefficient of the interface was approximately constant for all incident plane waves. Incorporation of the exact reflection coefficient for each plane wave component found from the angular spectrum of the pressure field is treated in a forthcoming paper, as well as the effect of a general elastic interface of finite extent.
APPENDIX: ANGULAR POWER DISTRIBUTION OF PLANE WAVES IN PRESSURE FIELD
The angular distribution of propagation vectors of plane waves contained in the pressure field from a planar piston radiator is presented here in closed form, along with the amplitude associated with each plane wave in the decomposition. From this angular distribution can be found a solid angle, centered around the acoustic axis of the radiator, which contains a specified percentage of the total radiated acoustic power.
The plane wave decomposition of the normal velocity field radiated from a pla_nar, circular piston is denoted by the plane wave amplitude A (fx • ) 23 
